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ThermoluminescencePure and Mg2+ doped ZnO nanoparticles are synthesized by solution combustion method. X-ray diffrac-
tion studies of the samples confirm hexagonal phase. Crystallite size is calculated using Scherer formula
and found to be 30 nm for undoped ZnO and 34–38 nm for Mg2+ doped ZnO. A broad PL emission in the
range 400–600 nm with peaks at 400, 450, 468, 483, 492, 517, 553 nm are observed in both pure and
Mg2+ doped nanoparticles. Near band edge emission of ZnO is observed at 400 nm. The broad band emis-
sions are due to surface defects. PL emission intensity is found to increase with Mg2+ concentration up to
1.5 mol% and then decreases due to concentration quenching. Samples are irradiated with c-rays in a
dose range 0.05–8 kGy. Gamma irradiation doesn’t affect PL properties. Undoped samples exhibit
unstructured low intense TL glow with peak at 720 K. Whereas Mg2+ doped samples exhibit well struc-
tured TL glow curves with peak at 618 K. TL glow peak intensity of Mg2+ doped samples increases with
Mg2+ concentration up to 2 mol%, thereafter decreases. TL curves of Mg2+ (2 mol%) doped ZnO exhibit two
glows, a high intense peak at 618 K and a weak one with peak at 485 K. TL intensity of Mg2+ (2 mol%)
doped ZnO samples increases with gamma dose up to 1 kGy and then decreases. Kinetic parameters of TL
glows are calculated by deconvolution technique. Activation energy and frequency factor are found to be
1.5 eV and 3.38  1011 s1 respectively.
 2016 Published by Elsevier B.V.1. Introduction
Zinc oxide (ZnO) nanostructures have been greatly influenced
the researchers due to its potential applications in optoelectronics,
sensors, transducers and biomedical field [1,2]. ZnO is a direct band
gap semiconductor with a band gap of 3.37 eV at room tempera-
ture. It exhibit luminescence due to the presence of intrinsic
defects [3]. Emission related to defects depends on microstructure,
defect types and their concentration resulting in ultraviolet to red
region [4,5]. Doping of impurities provide a way to modify the
properties of nanostructures by changing their compositions [6].
Although attempts are made to investigate an underlying mecha-
nism that controls the properties of doped material, knowledge is
still limited. ZnO doped with Mg2+ permits band gap narrowing
[6,7] and wavelength tunability [8] to blue or even green light
spectra range by creating barrier layers, which will facilitate radia-
tive recombination by carrier confinement [9,10].
Thermoluminescence (TL) is a powerful tool to study lumines-
cence centers responsible for the emission in materials. TLtechnique is used to measure the radiation dose absorbed by mate-
rial. Numbers of commercial TL dosimeters (TLD) are more often
used for clinical, environmental and personal dosimetry applica-
tions. However, these TLD’s cannot be used for high dose applica-
tions because TL intensity saturates due to the overlapping of
ionized zones. Nanomaterials have potential applications in high
dose TL dosimetry. Hence there is a substantial scope of research
for development of new nanophosphor with enhanced TL dosimet-
ric properties [11].
Numbers of chemical methods have been applied to synthesize
ZnO nanostructures viz hydrothermal [12], precipitation [13], sol–
gel [14], solution combustion and thermal decomposition [15,8]
techniques, etc. Among these, combustion synthesis provides a
molecular level mixing and high degree of homogeneity, short
reaction time that leads to reduction in crystallization temperature
and prevents from segregation during heating. In the present stud-
ies, undoped and Mg2+ doped zinc oxide nanoparticles are synthe-
sized using solution combustion technique and the effect of Mg2+
doping on luminescence properties are investigated. Also, TL prop-
erties of ZnO:Mg2+ nanophosphor are studied for its use in high
radiation dose.
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2.1. Synthesis
Pure and Mg2+ doped ZnO nanoparticles are synthesized by
solution combustion method. The starting materials are zinc
nitrate (Sigma Aldrich), urea (Merck chemicals, India) and magne-
sium nitrate (Sigma Aldrich). The experiment is performed by dis-
solving stoichiometric amount of above reagents together in a
minimum amount of double distilled water. ZnO nanopowders
are prepared with different concentrations of Mg2+ ions (0.1, 0.5,
1.0, 2.0 and 3.0 mol%). The detailed procedure of combustion syn-
thesis is reported elsewhere [16]. The obtained samples are
annealed at 500 C for 3 h in muffle furnace.
2.2. Characterization
Phase purity of the nanoparticles is characterized by powder
X-ray diffraction (XRD) using Rigaku Miniflex II diffractometer
with Cu Ka (k = 1.541 Å) radiation. Surface morphology of the pow-
ders is examined by scanning electron microscope (SEM) (Hitachi
S-300N model). Diffused reflectance is recorded using Shimazdu
(UV-1800). Photoluminescence (PL) measurements are performed
using Hitachi Spectroflourometer (Model F-2700) equipped with
150 W Xenon lamp as an excitation source. For TL measurements,
40 mg of nanophosphor are exposed to c-rays (60Co) in a dose
range 0.05–8.00 kGy. TL measurements are carried out on a TL
Reader (model: TL1009I; Nucleonix Systems Pvt Ltd, Hyderabad,
India) in the temperature range 325–750 K.
3. Results and discussion
3.1. X-ray diffraction
XRD patterns of undoped and Mg doped nanostructures are
shown in Fig. 1. Sharp diffraction peaks manifest that undoped
and Mg2+ nanostructures show high crystallinity. The diffraction
peaks are corresponding to (100), (002), (101), (102), (110),
(103), (112) and (200) planes are in good agreement with wurt-
zite hexagonal crystalline phase (JCPDS: 36-1451). Thus, obtained
ZnO nanophosphor having phase purity because Mg2+ substitution10 20 30 40
(1
01
)
(0
02
)(1
00
)
3.0 mol% Mg
Undoped ZnO
In
te
ns
ity
 (a
.u
)
  2θ (degrees
Fig. 1. XRD studies of pure and Mdid not alter the wurtzite structure. Crystallite size is calculated by
Scherer formula and found to be 30 nm for undoped ZnO and 34–
38 nm for Mg2+ doped ZnO. Also, lattice parameters a and c are cal-
culated and found to be 3.338 ± 0.001 Å and 5.239 ± 0.003 Å,
respectively.
3.2. Scanning electron microscopy
SEM image of pure and Mg2+ (3 mol%) ZnO are shown in Fig. 2. It
is evident that ZnO nanoparticles are spherical in shape with differ-
ent sizes. Whereas morphology of Mg2+ (3 mol%) ZnO shows aggre-
gated nanoparticles having higher diameters. It is well known that
morphology of the prepared powders is strongly dependent on
heat and gases liberated during combustion reaction. Hence, voids
and pores are present in the sample.
3.3. Diffuse reflectance spectroscopy
Diffused reflectance spectra of undoped and Mg doped ZnO
nanoparticles are shown in Fig. 3. All the samples show diffused
reflectance at 380–400 nm. Band gap of undoped and Mg2+ doped
ZnO particles is calculated using Kubelka Munk equation given
below [17]
k
s
¼ ð1 RÞ
2
2R
ð1Þ
where R is reflectance, k is absorption coefficient and s is scattering
coefficient. Band gap (Eg) is estimated from the graph of [(k/s)hm]2
versus hm, by extrapolating graph to the X-axis (shown as inset).
Eg of undoped ZnO is found to be 3.24 eV. Eg of ZnO decreases with
increase in Mg2+ concentration. 2 mol% Mg2+ doped ZnO is found to
be Eg of 2.95 eV. This confirms the presence of Mg content in host.
3.4. Photoluminescence
PL is an effective way to study electronic structure, defects,
optical and photochemical properties of semiconductor materials.
PL spectra of the nanoparticles are measured at an excitation
wavelength of 325 nm using Xenon lamp. PL emission spectra of
pure and ZnO:Mg2+ nanoparticles (un irradiated) are shown in
Fig. 4. It is observed that all the samples show violet emission50 60 70 80
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Fig. 2. SEM micrograph of undoped and Mg2+ (3 mol%) doped ZnO.
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Fig. 3. Diffused reflectance spectra of undoped and Mg2+ doped ZnO nanoparticles.
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Fig. 4. PL spectra of ZnO:Mg2+ nanoparticles.
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Fig. 5. TL glow curves of ZnO:Mg2+ nanoparticles irradiated with 2 kGy gamma rays.
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weak green emission peaks at 517 and 553 nm. The violet emission
corresponds to near band edge emission of wide band gap of ZnO
due to annihilation of exciton [18]. The broad blue band emissions
are possibly due to surface defects such as oxygen vacancies (VO)
and Zinc interstitials (Zni). The green luminescence is attributed
to radiative recombination of photo generated holes in valence
band with electrons in singly occupied oxygen vacancies [18–21].
It is observed that intensity of PL emission increases with Mg2+
concentration up to 1.5 mol% and then decreases. This is due to
concentration quenching. PL of gamma irradiated samples is also
studied. But gamma irradiation doesn’t affected PL property of
undoped and Mg doped nanoparticles.0.0 0.5 1.0 1
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Fig. 6. Variation of TL glow peak intensity and glow p3.5. Thermoluminescence
3.5.1. TL glow curve analysis
TL glow curves of ZnO:Mg2+ samples irradiated with gamma
rays for a dose of 2 kGy are shown in Fig. 5. TL glow curves are
recorded at an heating rate of 5 K s1. Undoped samples exhibit
unstructured low intense TL glow with peak at 720 K. Whereas
Mg2+ doped samples exhibit well structured TL glow curves with
peak at618 K. This is due to the fact thatMg2+ doping in themate-
rial could help in generating more number of electron/hole traps
and luminescent centers responsible for TL. Variation of TL glow
peak intensity with Mg2+ concentration is shown in Fig. 6. Maxi-
mum TL intensity is observed for the concentration of 2 mol%..5 2.0 2.5 3.0
entration (Mol%)
eak temperature with Mg2+ concentration (mol%).
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Fig. 7. TL glow curves of gamma irradiated Mg2+ (2 mol%) doped ZnO.
66 N. Pushpa et al. / Nuclear Instruments and Methods in Physics Research B 379 (2016) 62–68Hence this sample is exposed to gamma rays for various doses to
study its TL properties. TL glow curves of ZnO:Mg2+ (2 mol%)
exposed to gamma rays for various dose is shown in Fig. 7. TL glow
curves exhibit two peaks, high intense one at 618 K and a weak one
at485 K for all the dose [22,15]. It is known that, low temperature
TL glows are due to shallow traps and high temperature TL glows
are due to deep traps. Intrinsic defects have been considered as pos-
sible charge donor sources in ZnO. They are the oxygen vacancy (VO)
and zinc interstitial (Zni). It is usually accepted that zinc interstitial
is a shallow donor. It is reported that, VO has relatively deep energy
levels [23]. Fig. 8 shows variation of TL glow peak intensity with
c-dose. It is observed that, TL intensity increases linearly up to
1 kGy and thereafter decreases. The increase in TL intensity may
be due to creation of defects centers such as F-centers and hole cen-
ters and decrease in TL intensity might be attributed to overlapping
of ionized zones [24]. Further with increase of gamma dose, the
glow peaks are well structured and temperature maxima of TL0 1 2 3
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Fig. 8. Variation of TL glow peak intensity withglows are shifted towards higher temperature side. A shift of about
20 K is observed.
3.5.2. Effect of heating rate on TL glow curves
Effect of different heating rate on TL glow curves is investigated
for ZnO:Mg2+ (1 mol%) exposed to c-dose of 4 kGy and is shown in
Fig. 9. It is found that, TL glow peak intensity and area under the
curve increases with heating rate up to 5 K s1 thereafter it
decreases. The decrease in TL intensity with increase in heating
rate is due to thermal quenching. Further, glow peak temperature
shifts towards higher temperature side with heating rate. The glow
peak maximum (Tm) is shifted from 590 to 612 K with increase of
heating rate from 1 to 7 K s1.
3.5.3. TL Kinetic parameters
Characteristics of dosimeters used in TL process are related to
kinetic parameters and these parameters qualitatively describe4 5 6 7 8
O:Mg 2+ (2 mol%) 
w peak temperature (K)
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Fig. 9. TL glow curves of for ZnO:Mg2+ (1 mol%) nanoparticles recorded at different heating rates.
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parameters provide valuable information regarding the TL mecha-
nism responsible for dosimetric applications. A reliable dosimetric
study of a TL material should be based on a good knowledge of the
kinetic parameters. TL glow curve is deconvoluted using a comput-
erized curve de convolution analysis (GCD) [25]. Kitis et al. [26]
suggested the equation for general order kinetics which is used
for glow curve de convolution
IðtÞ¼ Imb
b
b1
E
kT
TTm
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 
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Zm ¼ 1þ ðb 1ÞDm
where ‘k’ is Boltzmann constant (8.6  10–5 eV K1), Im is the glow
peak intensity, b is the linear heating rate (5 K s1) and b is the
order of kinetics and Tm is glow peak temperature. The Software
Package Microsoft Excel has been used for curve fitting [25]. For
the fitting, one has to input the initial, arbitrary but meaningful val-
ues for the parameters Im, Tm, E and b for each single glow peak.
When the curve fitting is completed, it gives the net values of Im,
Tm, E and b. In addition, the frequency factor and figure of merit
(FOM) values are determined using expressions given below500 550 600 650
g 2+( 2 mol% )  
e 1kGy
e
ks
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ature (K)
ves of ZnO:Mg2+ (2 mol%).
Table 1
Kinetic parameters of ZnO:Mg2+ (1 mol%) nanoparticles for the c-dose 2 kGy.
c-dose Tm (K) b Eav (eV) s (s1) FOM (%)
2 kGy 450 1.0 0.95 1.18  1010
485 1.4 1.20 8.38  1011
532 1.6 1.25 1.70  1011 1.85
580 1.6 1.35 1.20  1011
618 1.4 1.5 3.78  1011
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kT2m
¼ s exp E
KTm
1þ ðb 1ÞDm½  ð3Þ
FOM ¼
P jTLexp  TLthejX
TLthe
ð4Þ
Here TLexp and TLthe represent TL intensity of experimental and the-
oretical glow curves respectively. The fits are considered to be good
when the FOM values are below 5%. TL glow curve deconvolutions
of synthesized nanostructures are performed. Undoped samples
exhibit unstructured low intense TL glow peak. This TL glow is
deconvoluted into four peaks. Mg ion doped samples exhibit well
structured TL glow curves. Experimental TL glow curves of all the
samples doped with Mg are deconvoluted into six TL peaks.
Fig. 10 shows deconvoluted TL glow curves of ZnO doped with
2 mol% Mg2+ irradiated with c-dose of 1 kGy. The calculated kinetic
parameters are given in Table 1. Deconvoluted TL glow exhibit
peaks at 450,585, 532, 580, 618 K. It is observed that activation
energy of deconvoluted peaks increases with increase of glow peak
temperature. This indicates that each glow peak has different trap
levels in the band gap of a material.
4. Conclusions
Combustion synthesized ZnO exhibits hexagonal wurtzite
structure. Crystallite size is found to be in the range 30–38 nm.
ZnO nanoparticles are in spherical in shape and ZnO:Mg2+ particles
are agglomerated. PL studies show that enhancement of intensity
upon Mg2+ doping up to 1.5 mol%. TL studies of c-irradiated ZnO:
Mg2+ nanoparticles exhibits two glow peaks, high intense peak at
618 K and weak one with peak at 485 K. TL intensity increases
linearly with increase in c-dose from 0.05 to 1 kGy. Hence, this
material may be useful for TL dosimetry applications in the dose
range 0.05–1 kGy.
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